So far retinylidene proteins (ϳrhodopsin) have not been discovered in thermophilic organisms. In this study we investigated and characterized a microbial rhodopsin derived from the extreme thermophilic bacterium Thermus thermophilus, which lives in a hot spring at around 75°C. The gene for the retinylidene protein, named thermophilic rhodopsin (TR), was chemically synthesized with codon optimization. The codon optimized TR protein was functionally expressed in the cell membranes of Escherichia coli cells and showed active proton transport upon photoillumination. Spectroscopic measurements revealed that the purified TR bound only all-trans-retinal as a chromophore and showed an absorption maximum at 530 nm. In addition, TR exhibited both photocycle kinetics and pHdependent absorption changes, which are characteristic of rhodopsins. Of note, time-dependent thermal denaturation experiments revealed that TR maintained its absorption even at 75°C, and the denaturation rate constant of TR was much lower than those of other proton pumping rhodopsins such as archaerhodopsin-3 (200 ؋), Haloquadratum walsbyi bacteriorhodopsin (by 10-times), and Gloeobacter rhodopsin (100 ؋). Thus, these results suggest that microbial rhodopsins are also distributed among thermophilic organisms and have high stability. TR should allow the investigation of the molecular mechanisms of ion transport and protein folding.
Rhodopsin is a membrane-embedded protein that functions as a photoreceptor with a chromophore retinal (vitamin A aldehyde) which binds to a conserved lysine residue within seven transmembrane ␣-helices via a protonated Schiff base (PSB) 2 linkage. Rhodopsins are generally classified into two types (1): type II (animal) rhodopsins belonging to the G protein-coupled receptor family, which play important roles for photoreception in animal eyes, and type I (microbial) rhodopsins, which function as ion transporters or photosensors. Although there are similarities and dissimilarities between type-I and type-II rhodopsins, isomerization of the retinal chromophore commonly leads to their biological functions. The number of rhodopsin molecules is dramatically growing, especially since the year 2000, by meta-genomic analyses (2, 3) .
At present thousands of type-I rhodopsins have been discovered in large taxonomic groups including three biological kingdoms, eukaryotes, bacteria, and archaea, and some of them have been extensively characterized using a variety of methods (3, 4) . Bacteriorhodopsin (BR) was initially discovered in the halophilic archaea Halobacterium salinarum, and it is the first and the most studied type I rhodopsin (5, 6) . BR functions as an outward proton pump upon photoillumination through a kinetic photoreaction, termed the photocycle, which is triggered by trans-cis isomerization of the chromophore retinal. In addition to the sensory rhodopsins responsible for photo-signal transduction, a significant number of proton-pumping rhodopsins have been identified from the genes of prokaryotes (archaea and bacteria) and eukaryotes (fungi and algae) ( Fig. 1 ) (7) . These proton pumps are roughly divided into two groups: BR-like proteins from archaea and proteorhodopsin (PR)-like proteins from eubacteria ( Fig. 1) . In 2000, PR was discovered through genomic analysis in marine bacterioplankton (8) . The native and recombinant PR, which has all-trans-retinal as a chromophore, showed active proton transport upon photoillumination (8, 9) . The proton gradient produced by PR is utilized by ATP synthesis, generating biochemical energy from light (10) . The continual discovery of PR-like proton pumping rhodopsins, such as xanthorhodopsin from a halophilic bacterium (11) , Gloeobacter rhodopsin (GR) from a freshwater cyanobacterium Gloeobacter violaceus (12) , Exiguobacterium sibiricum rhodopsin from a Gram-positive bacterium (13) , and actinorhodopsin from an actinobacteria (14) (Fig. 1) , has become a focus of interest in part because of their importance to the general understanding of energy production in nature. Thus a previously unsuspected mode of bacterially mediated light-driven energy production may commonly occur in environments worldwide. It is noteworthy that microbial rhodopsin from thermophilic organisms has not been discovered so far. These facts would be reasonable because free retinal is easy to degrade at temperatures higher than 50°C in the presence of oxygen (15, 16) if there is no cooperative mechanism of retinal synthesis by putative retinal synthesis-related proteins and retinal uptake by opsin.
In 2012 the existence of a gene encoding a type-I rhodopsin was revealed by whole genome sequencing of the extreme thermophilic bacterium Thermus thermophilus, which lives in a hot spring (ϳ73-77°C) in the United States Great Basin (Fig. 1 , NCBI accession ID YP_006059019) (17) . Proteins related to retinal synthesis were also observed in its genome (17) . In this study we report that the rhodopsin from T. thermophilus JL-18 strain is a functional proton pump. We named it "thermophilic rhodopsin (TR)" and characterized its photochemical properties. TR exhibits an absorption spectrum, a photocycle with intermediates and kinetics that are characteristic of retinal proteins. Of note, compared with other proton pumping rhodopsins, including the BR-like proteins from Haloquadratum walsbyi (HwBR) (18) and from Halorubrum sodomense (AR3) (19) and a PR-like protein GR, TR shows a high stability even at high temperature (75°C). Thus, in addition to the expression system, the high stability of TR should allow the use of various methods to investigate the molecular mechanisms both of the ion transport and the protein folding.
EXPERIMENTAL PROCEDURES
Gene Preparation, Protein Expression, and Purification-The codon-optimized gene for TR with NdeI and XhoI restriction enzyme sites was chemically synthesized by Funakoshi Co. (Tokyo, Japan). Although the nucleotide sequence of the TR gene is different from the original one, the amino acid sequence of TR is completely identical. The TR gene was inserted into the arabinose-inducible expression vector pKI81, a pBAD derivative (a kind gift from Dr. Kunio Ihara) (18) . The gene for AR3 was amplified using PCR from the genomic DNA of H. sodomense and was also inserted into the same vector. Consequently, the plasmids encode TR and AR3 with six histidines at the C terminus. The Escherichia coli DH5␣ strain was used as a host for DNA manipulation. All constructed plasmids were analyzed using an automated sequencer to confirm the expected nucleotide sequences. The expression plasmids for HwBR and GR were constructed as described previously (18, 20) . For protein expression, transformed E. coli BL21(DE3) cells harboring the plasmid were initially grown at 30°C in 100 ml of LB medium supplemented with ampicillin (final concentration, 50 g/ml) and were directly inoculated into 2 liters of LB medium containing ampicillin. The cells were grown in a rotary shaker (MIR-220R, Sanyo Electric Co., Ltd., Osaka, Japan) at 18°C after overnight incubation with 0.1% L-arabinose and 5 M all-trans-retinal. Cells were harvested by centrifugation at 4°C, resuspended in buffer (50 mM MES, pH 6.5) containing 1 M NaCl, and disrupted by sonication or a French press. The preparation of crude membranes and the purification of proteins were performed using essentially a previously described method (18) . Briefly, the cell membranes were solubilized by n-dodecyl-␤-D-maltoside (DDM, Dojindo Laboratories, Kumamoto, Japan) and purified with a Ni 2ϩ affinity column (GE Healthcare). When necessary, the samples were further purified with an anion exchange column as described previously (21) . The purified sample was concentrated and exchanged using an Amicon Ultra filter (Millipore, Bedford, MA) against buffer A (1 M NaCl, 50 mM Tris-Cl, and 0.05% DDM, pH 7.0). GR was purified as previously reported (20) . To adjust the concentration of DDM, the samples were prepared by dialysis against buffer A for 2-3 weeks. The concentration of all samples used for spectroscopic measurements described below was ϳ0.6 absorbance at maximum absorption wavelength, max .
Light-induced Proton Transport Activity Measurement-The proton transport activity of TR was measured by monitoring pH changes using a glass electrode as described previously (18) . Briefly, E. coli cells expressing TR were harvested by centrifugation (4800 ϫ g for 3 min) and then were washed 3 times and resuspended in the solvent for the measurement (100 mM NaCl, initial pH ϳ6). The cell suspension was kept in darkness and then was illuminated with the output of a 100-watt xenon arc lamp (LM103, Asahi Spectra, Tokyo, Japan) through a longpass glass filter for 2.5 min (Ͼ510 nm). When necessary, a proton-selective ionophore, carbonyl cyanide 3-chlorophenylhydrazone (Sigma) was added to the suspension.
Spectroscopic Measurements of Purified TR-UV-visible spectra were recorded using a UV2450 spectrophotometer with an ISR2200 integrating sphere (Shimadzu, Kyoto, Japan). For the measurement of time-dependent thermal denaturation, the temperature was kept at the desired value (61-85°C) on a block heater. During incubation, the suspension became turbid, maybe because of aggregation by the denatured protein. Therefore, before the spectrum measurement, the sample was centrifuged at 21,500 ϫ g for 1 min to remove the aggregate. It is noted that judging from the color of the precipitate the native rhodopsin did not precipitate at all, indicating that the aggregate was composed of denatured and bleached protein. For spectroscopic titration, the TR sample was first suspended in buffer A, pH 7.0. The pH was then adjusted to the desired value by the addition of very small amounts of 2 or 4 N HCl followed by measurement of the absorption spectrum. After the pH was reduced to Ͻ1, it was adjusted by the addition of small amounts of 2 N NaOH until the pH reverted to pH 7. Before and after each spectrum, the pH was measured to ensure that the variation was less than 0.05 pH units. The retinal compositions under light and dark conditions were analyzed by normal-phase high performance liquid chromatography (HPLC) following a published procedure (22) .
For the time-resolved flash-photolysis spectroscopy, the apparatus used was the same as described previously (18) . The temperature was kept at the desired temperature during the measurements using a circulating thermostatted water bath. Data were acquired every 5°C from 35°C except for 83°C. The wavelengths of the observation for original pigment and M-and N(O) intermediates were 530, 380, and 585 nm for TR, 550, 380, and 620 nm for HwBR and AR3, and 530, 380, and 620 nm for GR, respectively.
Data Analysis-For spectroscopic titration of TR, the absorption differences, ⌬Abs, at 592 and 530 nm were plotted against pH and fitted by the Henderson-Hasselbalch equation with two pK a values,
where a and b are the amplitudes of the ⌬Abs change of the species with pK 1a1 and pK 1a2 , respectively, and c is an offset. The pK 1a3 and pK 1a4 were calculated by the same equation.
The decay rate constant of the red-shifted intermediate and the concomitant recovery rate constant of the original state were obtained by a single exponential equation. The logarithms of the time constants were plotted against the reciprocal temperature to generate an Arrhenius plot. The Arrhenius plot of the kinetic constant, K, was analyzed by the following Eyring equations (23) .
where E a stands for the activation energy calculated from the slope of the Arrhenius plot, and h and k B stand for the Planck and the Boltzmann constants, respectively. For the time-dependent thermal denaturation, the residual protein activities after incubation were estimated from the absorbance at 530 nm for TR, 550 nm for HwBR, 550 nm for AR3, and 540 nm for GR. The logarithm of the amount of residual active protein, F, was plotted against time, t (min), and fitted by a single exponential decay function,
where k is the denaturation rate constant, and f 0 is the initial amount of the active protein (ϳ0.6). The logarithm of the denaturation rate constants calculated at various temperatures was plotted against the reciprocal temperature to generate an Arrhenius plot. The activation energy, E a , was calculated by the slope of the Arrhenius plot.
RESULTS

A Newly Identified Microbial Rhodopsin in a Thermophilic Bacterium T. thermophilus as a Proton Pump-
The results of a genomic analysis in 2012 revealed that the T. thermophilus JL-18 strain contains a gene encoding a microbial rhodopsin composed of 260 amino acid residues (Fig. 2 ) (NCBI accession ID YP_006059019). We named it thermophilic rhodopsin, TR. Fig. 1 shows the phylogenetic tree of microbial type-I rhodopsins, which are divided into three major types: ion pumping rhodopsins from archaea (BR-like), ion pumping rhodopsins from eubacteria (PR-like), and sensory rhodopsins (SRs). The amino acid sequence of TR is relatively related to green proteorhodopsin (31% identity, 72% similarity) and more closely to xanthorhodopsin (54% identity, 83% similarity) ( Fig. 1) and contains characteristic amino acids found in PR-like proton pumps, such as Asp-95, Asp-229, Glu-106, and His-61, which correspond to Asp-97, Asp-227, Glu-108, and His-75 in PR, respectively. Therefore, TR is expected to act as a PR-like lightdriven proton pump. Compared with BR from H. salinarum, the amino acid sequence identity and similarity were 25 and 60%, respectively. Other than T. thermophilus JL-18, two different strains, Thermus oshimai JL-12 and Thermus sp. CBB_US3_UF1, also contain genes encoding TR homologs (ϳ95% identity) ( Fig. 1 ) (NCBI accession IDs YP_006972578 and YP_005654174, respectively).
To confirm whether TR encodes a functional photoactive protein, we prepared a plasmid DNA encoding TR to express it in E. coli cells as a recombinant protein. The TR gene was chemically synthesized to have the optimized codons for E. coli. Some nucleotides (183 of 780, 23.5%) were substituted but without any changes in the amino acid sequence, as shown in Fig. 2 . TR has 12 proline residues in its amino acid sequence, most of which are encoded by the CCC codon. Because this is a rare codon for E. coli, that codon was substituted by CCG or CCT. E. coli BL21(DE3) cells were transformed by the optimized gene, and upon addition of all-trans-retinal, the color of the cell pellets was obviously changed to red-pink. Using those cells, light-induced pH changes were measured at 50°C, as shown in Fig. 3 . The light illumination yielded a signal corresponding to the pH decrease of the cell suspension (Fig. 3a) . The signal intensity was decreased in the presence of a protonselective ionophore, carbonyl cyanide 3-chlorophenylhydrazone, because the proton motive force collapsed (Fig. 3b) . These results suggest that TR transports protons outside the cells, similar to both BR and the known eubacterial proton pumps (8, 11, 13, 24, 25) . Thus the TR protein was successfully and functionally expressed in E. coli cells.
Spectroscopic Characterization of TR-TR was extracted from the cell membranes by the detergent DDM and was purified by column chromatography. The absorption spectrum of the purified TR was obtained and had an absorption maximum at 530 nm (Fig. 4a) , which is similar to green PR (522 nm) (26) , GR (540 nm) (12) , and E. sibiricum rhodopsin (534 nm) (13) but was different from BR (568 nm) (5) and xanthorhodopsin (560 nm, the pure absorption maximum) (27) ( Table 1) . To investigate the retinal configuration of TR, we performed normal- phase HPLC analysis. The chromatograms in Fig. 4b show the retinal isomers extracted from TR under dark (solid line) and light (dotted line) conditions. Authentic all-trans-and 13-cisretinal oximes were used as references for the chromatogram peak assignments (18) . Three kinds of retinal isomers were identified from TR as all-trans/15-syn (labeled as Ts), all-trans/ 15-anti (Ta)-and 13-cis/15-syn (13s) configurations. The ratio of all-trans and 13-cis retinals in the dark were 97.8% and 1.9%, respectively. Upon light illumination, the content of 13-cis-retinal was slightly increased (2.5%); however, the all-trans configuration was still dominant (95.6%). The configuration is also a PR-like property (28) but not BR-like, because BR-like archaeal ion pumps have both all-trans and 13-cis isomers with ϳ1:1 ratios (6, 29). Even at a higher temperature (75°C), all-trans configuration in TR was dominant both under dark (97.4%) and light (93.5%) conditions, indicating that the isomer composition is not influenced by heat irradiation.
Spectral titration was carried out to estimate the pK a values of the charged residues, including counterions of the PSB and that of the PSB itself (Fig. 5a) . It is well known that absorption spectra of microbial rhodopsins depend on the pH due to protonation changes of the charged residues mainly around the retinal chromophore (Fig. 5a) (5) . The salt bridge between a lysine (Lys-233) and two aspartate residues (Asp-95 and Asp-229) is predicted to be necessary for the stabilization of the Schiff base as well as the other microbial rhodopsins, except for chloride pumping halorhodopsins, which lack one of the counterions. Fig. 5b shows the absorption spectra of TR at varying pH values in the presence of 1 M NaCl. To obtain the difference spectra, the spectrum at pH 5.60 was used as a standard and was subtracted from each spectrum because the difference spectrum becomes almost flat at pH 5ϳ7 (Fig. 5) . We then carried out the analysis on the spectra classified into two pH regions; one is from pH 0.85 to 5.60 (Region I), and the other is from pH 5.60 to 12.0 (Region II). The difference spectra in each region are shown in Fig. 5, c and e, respectively.
In Region I, the spectra were red-shifted until the pH reached 2.04 (528 3 543 nm), indicating the protonation of the primary counterion as is the case with the known proton-pumping rhodopsins (5, 20, 30 -32) . In the difference spectra shown in Fig.  5c , the largest absorbance change was observed at pH 2.04. In more acidic conditions, the spectral blue-shift was observed until the pH reached at 0.85 (543 3 540 nm). The absorbance changes at 573 nm are plotted as a function of pH (Fig. 5d) . The pK a values were estimated by analysis with the HendersonHasselbalch equation (Equation 1 described under "Experimental Procedures") and resulted in 3.4 and 1.1 for pK 1a1 and . Absorption spectrum and retinal composition of TR. a, shown is an absorption spectrum of purified TR in buffer containing 1 M NaCl, 0.05% DDM, and 50 mM Tris-HCl, pH 7.0. The spectrum was recorded at room temperature (ϳ25°C). b, shown are normal-phase HPLC chromatograms of retinal isomer extracted from TR in 1 M NaCl, 0.05% DDM, and 50 mM Tris-HCl, pH 7.0, in the dark (solid line) and after illumination with Ͼ500-nm light for 10 min (dotted line). Eluting retinal was detected at 360 nm. The molar composition of retinal isomers was calculated from the peak areas. Ts, Ta, and 13s denote retinal with all-trans/15-syn and all-trans/15-anti-and 13-cis/15-syn configurations, respectively. The molar ratios (%) of retinal isomers under dark and light conditions are indicated. pK 1a2 , respectively. The pK 1a1 can be assigned as a pK a of the primary counterion because of the large absorption change with the spectral red shift as described above. Judging from the amino acid sequence identity between TR and the other proton pumps, the primary counterion is Asp-95 (Fig. 2) , which corresponds to Asp-85 and Asp-97 in BR and PR, respectively. Therefore, the pK a of Asp-95 is determined to be 3.4. Because T. thermophilus lives in a neutral pH environment (pH 6 ϳ 7), Asp-95 is usually deprotonated at the physiological pH (33) . The pK 1a2 can be assigned as a pK a of the secondary counterion, Asp-229, in analogy with Asp-212 and Asp-227 in BR and PR, respectively (5, 30). Of note, TR is stable even in solution at pH 0.85 because the visible absorption spectrum almost completely coincided with the original one when the pH was returned to pH 5.6. In Region II, the absorbance at 530 nm decreased with the increase in absorbance at 370 nm (Fig. 5e) , which corresponds to the deprotonation of the Schiff base. The absorbance changes at 530 nm are plotted as a function of pH (Fig. 5f ). The pH dependence seemed to be a complex titration curve, indicating that several dissociable residues are involved in the absorbance changes. Two pK a values were estimated; 9 ϳ 10 and 11 ϳ 12 for pK 1a3 and pK 1a4 , respectively. The large absorbance change at pK 1a4 enabled us to assign it as the pK a FIGURE 5. pH-induced absorbance changes of TR. Purified TR was suspended in 50 mM Tris-HCl, pH 7.0, 1 M NaCl, and 0.05% DDM. a, shown is a schematic illustration of the vicinity of the retinal chromophore based on the crystallographic structure of xanthorhodopsin (XR) (46) . Four candidates, Asp-95, Asp-229, His-61, and the Schiff base, are represented that could influence the absorption spectra of TR. Symbols ϩ and Ϫ denote positive and negative charges, respectively. The pK a values are tentatively assigned as shown. b, absorption spectra at various pH values are shown. Bold black lines represent the spectra at pH 5.60, where the spectrum was blue-shifted most, at pH 2.04, where the spectrum was red-shifted most, at pH 0.85, which is the end point for acidic pH, and at pH 12.0, which is the end point for alkaline pH. c and e, shown are difference spectra from pH 0.85 to pH 5.60 (Region I) (c) and from pH 5.60 to pH 12.0 (Region II) (e), respectively. The spectrum at pH 5.60 was subtracted from each spectrum and is described as a base line. In the pH range from 2.04 to 0.85, spectra were blue-shifted as indicated by the small decrease in absorption at 573 nm in the difference spectra (c). d and f, absorption differences at 573 nm (d) and at 530 nm (f) were plotted against pH ranging from 0.85 to 5.60 (Region I) and from 5.60 to 12.0 (Region II), respectively. The data in d were analyzed by the HendersonHasselbalch equation with two pK a values (Equation 1) as described in the gray line. The data in f were partially analyzed by the same equation, but the fitting resulted in poor convergence. The estimated pK a values were as follows; pK 1a1 ϭ 3.4, pK 1a2 ϭ 1.1, pK 1a3 ϭ 9 ϳ 10, and pK 1a4 ϭ 11 ϳ 12.
of the Schiff base in analogy to the other microbial rhodopsins. The pK 1a3 was temporally assigned to His-61 located around the retinal chromophore and forming a salt bridge with Asp-95 in analogy with His-75 in PR (34), His-57 in E. sibiricum rhodopsin (32) , and His-87 in GR (20) . The pK a values obtained are summarized in Table 1 .
To confirm the photocycle of TR, flash photolysis was measured at 25°C (Fig. 6) , and a schematic of the photocycle based on the results is shown (Fig. 6c). Fig. 6a shows the flash-induced light minus dark difference spectra of TR over the spectral range from 370 to 700 nm. Upon flashlight excitation, a photoproduct on the longer wavelength side (590 nm) appeared followed by a decrease in the absorbance at 530 nm and a slight increase in the absorbance at wavelengths shorter than 400 nm (Fig. 6a) . According to the instrument conditions and the very small amplitude of this absorption band, the absorption maximum of the blue-shifted photoproduct is unclear. Judging from the absorption wavelength, the increase of the 590 nm band can be assigned to an N(O)-like intermediate (abbreviated as N(O) hereafter), from the analogy of PR-like proteins (12, 32, 35) . The band at Ͻ400 nm would correspond to an M-like intermediate (M hereafter). The amount of the original state at 530 nm was decreased soon after the flashlight excitation and then recovered over time with a concomitant decrease in absorbance from 400 to 500 nm (increase in the magnitude of the negative band) (Fig. 6a) . The absorption change in the 400 -500-nm region may be due to the presence of an L-like intermediate (L hereafter) appearing before the M. In addition, the presence of a K-like intermediate appearing before the L is suggested because the absorption maximum in the difference spectrum at 5 ms is slightly red-shifted compared with the N(O), and it does not pass through an isosbestic point at around 552 nm (Fig. 6a) .
Panel b in Fig. 6 shows the time courses of absorbance changes at selected wavelengths (380 nm for M, 585 nm for N(O), and 530 nm for the original (unphotolyzed) states). The M and N(O) decay rates were estimated as 3.85 s Ϫ1 (time constant; 260 ms) and 3.95 s Ϫ1 (253 ms) using a single exponential equation. The recovery rate is also estimated as 3.61 s Ϫ1 (277 ms), which is much smaller than that of ion pumping rhodopsins such as BR (ϳ 100 s Ϫ1 (10 ms)) (5) and is close to that of sensory rhodopsins such as SrSRI (6 s Ϫ1 (167 ms)) (22) and of NpSRII (1.66 s Ϫ1 (602 ms)) (36) . This slow photocycle is thought to be particularly important because a key difference between transport and sensory rhodopsins is the much slower kinetics of the photochemical reaction cycle of the sensors (37, 38) . The ion-pumping rhodopsins (BR, halorhodopsin, and PR) have been optimized for fast photocycling rates to make them efficient pumps (39) . The reason for this apparent discrepancy can be explained by the temperature dependence of the photocycle described below.
We also performed similar experiments at higher temperatures, which are more physiological conditions for TR. Fig. 7a shows the flash-induced absorption changes at 530 nm (the original TR), 380 nm (the M), and 585 nm (the N(O)). Because of the relatively smaller amount of the M, the data of 380 nm were not used for analysis. In general, the temperature rise leads to faster photoreaction because of the thermal reaction. The rate constants for the recovery of the original state became 20-fold faster at 50°C (68.7 s Ϫ1 (14.5 ms)) than 25°C (3.61 s
Ϫ1
(277 ms)). The rate constant at 50°C was almost the same as that of the known ion pumps described above. To obtain the Traces described in black and gray are raw data and the fitting curve with a single exponential function, respectively. The rate constants of each intermediate and the original pigment are also described. The sample and temperature conditions were the same as described above. c, shown is a putative photocycle model of TR. After light absorption by the original TR, the M and the N(O) are formed, which were in equilibrium, and then the original state was recovered with a rate constant of ϳ3.6 s Ϫ1 (time constant of 277 ms) at 25°C. thermodynamic parameters, the rate constants for the recovery of the original TR were plotted against the reciprocal temperature, as shown in Fig. 7b . For comparison, similar experiments were performed for the other BR-like proton pumps from H. walsbyi (HwBR) and H. sodomense (AR3) and a PR-like proton pump from G. violaceus (GR). All of them, HwBR, AR3, and GR, can be obtained as recombinant proteins using E. coli cells and established to have the proton pumping activity in previous reports (18, 25, 40) . In addition, these molecules can be successfully purified from the membrane using the detergent DDM (12, 18, 40) . These properties allow us to analyze the protein stability in the same solution condition, which is essential for the comparative studies because, in general, the protein stability depends on the environmental conditions including environmental pH, ionic strength, and the presence of the detergent. Although, PR could be a candidate protein, PR has both protonated and deprotonated counterions at pH 7.0 due to the relatively high pK a value of the counterion Asp-97 (pK a ϭ 6.8) (30) . The equilibrium of the two conformers in PR at neutral pH makes it difficult to compare the stability with other rhodopsins having only the deprotonated counterion. The plot was analyzed with the Eyring equations (see Equation 2 and 3 described under "Experimental Procedures") to estimate the thermodynamic parameters listed in Table 2 . The activation energy, E a , value for TR (12.6 kcal/mol) was larger than those for HwBR (8.69 kcal/mol), AR3 (9.40 kcal/mol), and GR (9.10 kcal/mol), indicating the higher activation energy during the photocycle of TR. The high E a value for TR is explained by the high ⌬H ‡o value (12.0 kcal/mol for TR, 8.09 kcal/mol for HwBR, 8.81 kcal/ mol for AR3, and 8.50 kcal/mol for GR), which suggests the importance of hydrophilic interactions in the vicinity of the chromophore for the recovery to the original state.
Thermal Stability of TR-It is expected that TR has a high stability against heat because of the living environment for T. thermophilus (73-77°C) (17, 33) . To investigate the thermal stability of TR, the time-dependent thermal denaturation was monitored by UV-visible spectroscopy. In this experiment, two BR-like proton-pumping rhodopsins, HwBR and AR3, and one PR-like proton-pumping rhodopsin, GR, were used as references. Fig. 8 shows the time-dependent decrease in the absorbance of TR, HwBR, AR3, and GR at 75°C. AR3 and GR lost absorbance at 550 and 540 nm, respectively, within 10 min (Fig.  8, c and d) . With the decrease in absorbance at 550 nm for AR3 and at 540 nm for GR, the absorbance at 360 nm corresponding to liberated retinal was concomitantly increased. HwBR held the absorbance at 550 nm during the 210-min incubation time; however, ϳ85% of HwBR was denatured and lost absorption (Fig. 8b) , whereas, as shown in Fig. 8a , TR held the absorbance at 530 nm during the 210-min incubation time, and Ͼ85% of the protein retained the color. The denaturation rate (time) constants were estimated using a single exponential function (see Equation 4 described under "Experimental Procedures") and resulted in 1.2 ϫ 10 Ϫ3 min Ϫ1 (836 min) for TR, 8.7 ϫ 10 Ϫ3 min Ϫ1 (114 min) for HwBR, 2.5 ϫ 10 Ϫ1 min Ϫ1 (4.0 min) for AR3, and 1.4 ϫ 10 Ϫ1 min Ϫ1 (7.1 min) for GR. These results indicate that TR is much more stable than the other 3 rhodopsins at 75°C.
To determine the activation energy, we performed similar experiments under varying temperatures, as shown in Fig. 9 . Panels a-d show the thermal denaturation kinetics of TR, HwBR, AR3, and GR, respectively. The temperature conditions were 75-85°C for TR, 69 -79°C for HwBR, 61-75°C for AR3, and 61-75°C for GR. The residual amounts of active proteins were plotted logarithmically against the incubation time. The plots at 75°C are commonly illustrated as white symbols. As mentioned above, the thermal denaturation rate, which is estimated from the slope of the fitting curve, of TR is the smallest at 75°C (1.2 ϫ 10 Ϫ3 min Ϫ1 ). The denaturation rate constants of the samples estimated at each temperature are shown in Fig. 9e as a function of the reciprocal temperature. The Arrhenius Table 2 . The fitting curve for TR is described as a broken line. 
DISCUSSION
Similarities and Dissimilarities between TR and Other Microbial Rhodopsins
In this study, a microbial rhodopsin (TR) from a thermophilic organism was successfully expressed in E. coli cells and was characterized by mainly spectroscopic methods. This is the first report on a rhodopsin derived from a thermophile. Through these experiments, several significant similarities and dissimilarities of the properties of TR compared with other microbial rhodopsins, PR and BR, were revealed, as summarized in Table 1 .
Absorption Maximum-The absorption maxima of rhodopsins were optimized by nature to mediate their biological functions as efficient photoactive proteins. TR showed a relatively blue-shifted absorption maximum (530 nm) compared with other microbial rhodopsins such as HwBR, AR3, and GR (Figs. 4a and 8) . In general, the absorption maximum is related to the wavelength of light in environments where the organisms are living. We have previously identified the residues responsible for the color-tuning among various microbial rhodopsins, such as BR, HwBR, AR3, and sensory rhodopsin I (SRI), which show the color purple, and such as sensory rhodopsin II (SRII) and middle rhodopsin, which show the color orange (41) (42) (43) (44) . On the basis of these results, we speculate that Ser-129 (in helix-D) as well as Phe-159 and Tyr-164 (both in helix-E) (Fig.  2) are involved in the spectral blue-shift of TR.
Retinal Configurations-TR has only all-trans-retinal, which is well known to be an active isomer in all of the microbial rhodopsins (Fig. 4b) (45) . The property is similar to PR-like proteins not BR-like ones (Table 1 ). This might be explained by the structure of the retinal binding site. Because the all-trans form is the most stable isomer in the solution, the chromophore binding cavity in TR would be less restricted to the retinal compared with the BR-like proteins.
Estimated pK 1a Values of the Charged Residues in the Vicinity of the Chromophore-From the pH titration experiments, four pK a values in TR were revealed (Table 1) . At the acidic Region I, two pK a values, pK 1a1 and pK 1a2 , were tentatively assigned to be the protonation of two aspartates around the PSB, Asp-95 for pK 1a1 of 3.4 and Asp229 for pK 1a2 of 1.1, respectively (Fig. 5d) . These values are very similar to those of BR (2.6 for Asp-85, less than 1 for Asp-212) (5) but not PR (6.8 for Asp-97, 3.3 for Asp-227) (30) , indicating that the hydrogen bonding network around the PSB of TR is similar to BR, not to PR, beyond the sequence similarity between TR and PR (see the Introduction).
Photocycle Kinetics-In the millisecond time region, TR exhibited a photocycle with intermediates and kinetics characteristic of PR-like proteins, except for the lifetime (Fig. 6) . Due to the large activation energy (12.6 kcal/mol), it highly depends on the temperature, compared with HwBR, AR3, and GR (see Table 2 and Fig. 7b ). Because the photocycling rate positively coincides with the proton pumping activity, TR would have been optimized by nature to have high activity at a high temperature.
Thermal Stability of TR
As shown in Figs. 8 and 9 , TR was proven to have a much higher thermal stability than the other three pigments, HwBR, AR3, and GR. One of the reasons for the slow denaturation rate of TR is the relatively larger activation energy, E a (84.9 kcal/ mol), than the others (70.0, 73.0, and 52.2 kcal/mol for HwBR, AR3, and GR, respectively). However, because TR is much more stable than HwBR (ϳ10-fold), AR3 (ϳ200-fold), and GR (ϳ100-fold) at 75°C, it is difficult to explain the difference in stability by the slightly larger value of E a . The Arrhenius equation gives the dependence of the rate constant, k, of a chemical reaction on the absolute temperature (T), pre-exponential factor (A), the activation energy (E a ), and the Universal gas constant (R) as follows (Equation 5), k ϭ Aexp͑ϪE a /RT͒ (Eq. 5) Because the values R and T are constant, the high thermal stability of TR can be explained by the smaller value for the Arrhenius pre-exponential factor, A, compared with the others. This might be a general phenomenon not only among the microbial rhodopsins but also among membrane-embedded proteins.
How is TR so stable at the molecular level? The amino acid sequence of TR was compared with those of HwBR, AR3, and GR (Fig. 2) . As can be seen, the variety of amino acid sequences among the four rhodopsins makes it difficult to determine which is the essential part for the high stability of TR. Thus the molecular origin of the high stability of TR is still unclear. However, it is of interest to study the basis for the high stability of TR, which is our next focus.
In conclusion, we present the first characterization of a proton-pumping rhodopsin TR from an extreme thermophile, T. thermophilus. TR was expressed well (2 mg/liter culture) as a recombinant protein having only all-trans-retinal as a chromophore, and it is much more stable than the other microbial proton pumping rhodopsins at high temperatures. Photocycle kinetics and pK a values of the charged residues of TR were determined by spectroscopic measurements. Although the molecular mechanism of the high stability is still unclear, TR should be a useful protein for research not only on proton transport, but also on membrane proteins.
